To understand just how far research on ion transport has come, it is informative to look first at the status of the field 25 years ago. In the early 1970s, scientists were still struggling to understand the basic structure of the cell membrane. The fluid mosaic model of membrane structure entered the scene only in 1972 (20) . Mitchell's chemisomotic theory (10) , whereby energy coupling between electron transfer chains and ATP synthesis is achieved via a transmembrane gradient in the electrochemical potential of protons, rather than via a chemical intermediate, was gradually achieving acceptance. In parallel, the concept was developing that the plant membrane potential does not simply arise from passive (energetically downhill) ion distribution, but is also influenced by active (energetically uphill) transport processes (2, 7). Epstein's classic papers on biphasic kinetics of ion uptake by roots had been published, and his concept of distinct high affinity and low affinity ion carriers, both located at the plasma membrane, was being hotly debated (2, 6, 13) . Electrophysiological measurements on the cell membranes of giant characean algal cells already enjoyed a venerable history, beginning with the classic studies of Cole and Curtis in the 1930s. By the 1970s, membrane potential and membrane resistance measurements were also being made in higher plants, albeit with difficulty (7). However, our understanding of the molecular entities responsible for the observed electrical properties was essentially nonexistent. No plant ion transporters had been characterized at the molecular level. Progress was greatest on the purification of the plasma membrane H ϩ ATPase, but whether this transporter was in fact a K ϩ -stimulated primary H ϩ pump or a H ϩ /K ϩ antiporter was unknown (13) . The concept that plants might have not only ion carriers, but also ion channels, i.e. regulated proteinaceous pores through which an ionic species would rapidly flow down its gradient in electrochemical potential, simply did not exist.
THE 1980s AND 1990s: ELECTROPHYSIOLOGY AND MOLECULAR BIOLOGY
The first major advance in the field of ion transport during this era was the development by the groups of Neher and Sakmann of the patch clamp technique (12; Fig. 1A ). With this technique, researchers were able for the first time to detect the opening and closing of single ion channels in cell membranes, and to rigorously control the electrochemical potential gradient for any ion of interest. Of particular importance for higher plants, this technique afforded unambiguous detection of ionic events occurring at the cell membrane. By contrast, when microelectrode impalement techniques were applied to highly vacuolate plant cell types, it was difficult to know whether one was recording across the plasma membrane or a series combination of the plasma membrane and tonoplast.
Application of the patch clamp technique to plant systems soon provided irrefutable evidence that plants do indeed have ion channels. This was first proven to me in memorable fashion as a graduate student in 1983 when, on the very last day of a 2-week Cold Spring Harbor course in patch clamp techniques, I recorded K ϩ currents from onion guard cell protoplasts (Fig. 1 , B and C). Soon, keystone publications by Moran and colleagues and by Schroeder, Hedrich, and Fernandez (11, 17) , illustrated the activity of single ion channels in wheat mesophyll cells and in broad bean guard cells. The first patch clamp recordings of electrical current resulting from the activity of the plant H ϩ ATPase were published in 1985 with the observation of a blue lightstimulated pump current in guard cell protoplasts. The K ϩ independence of this response indicated that this pump was indeed a primary H ϩ ATPase and not a H ϩ /K ϩ antiporter (4). Since these early papers, many elegant studies have used the patch clamp technique to evaluate the activity of a diversity of plant ion channels located in a variety of membranes, including those of intracellular organelles such as the vacuole, chloroplast, mitochondrion, and the bacteroids of legume nodules (23) .
The second tremendous advance in the field of plant ion transport during this time was the advent of molecular techniques for identifying genes and expressing the encoded proteins. In 1989, three independent groups, those of Sussman, Harper, and col-leagues, Serrano and Pardo, and Goffeau, Boutry, and Michelet, identified H ϩ ATPase cDNAs from Arabidopsis. Thus the H ϩ ATPase became the first plant transporter (and the first enzymatic protein of the plant plasma membrane) to be cloned and sequenced (22). Sussman's group achieved this goal by using peptide sequence information from purified H ϩ ATPase protein to design degenerate oligonucleotide probes for cDNA library screening. For less abundant transporters, including ion channels and sugar and amino acid carriers, genetic complementation of yeast transport mutants with plant cDNAs soon proved to be a powerful method of identification (22) . The first cDNAs encoding plant ion channels, AKT1 and KAT1, were identified by this method by the groups of Gaber, Lucas, Kochian, and Sentenac (1, 18) . These channels are now the founding members of two of the families of K ϩ channel genes in Arabidopsis. A few years later the yeast complementation technique was also used for the identification of a wheat cDNA encoding a high affinity K ϩ transporter, HKT1 (16) . When expressed in heterologous systems, HKT1 mediates transmembrane K ϩ movement by symport with Na ϩ , a mechanism that has been shown to function in aquatic plants and algae, but not in higher land plants. In recent years, genes encoding transporters for other plant macroand micronutrients, including nitrate, ammonium, calcium, copper, iron, phosphate, and sulfate, have also been cloned (5). Many of these transporters were identified by querying the ever-growing plant sequence databases with conserved sequences characteristic of transport molecules of non-plant species, particularly yeast and other fungi. The first cloning of a nitrate transporter by Tsay, Crawford, and colleagues in 1993 is noteworthyin that it utilized a different technique, and onethat presaged current insertional mutagenesis approaches. These researchers used a phenotypic screen to identify a new mutant allele of the nitrate transporter, CHL1, from the Feldmann collection of T-DNA insertional mutants. By determining the T-DNA insertion site and sequencing the flanking DNA, the CHL1 gene was identified (24) .
With the cloning of plant ion channels and carriers, we thought we now had the molecular entities to back up Epstein's model: channels as the low affinity uptake mechanism and carriers as the high affinity uptake mechanism. However, recent observations indicate that some K ϩ transporters and channels, as well as some Na ϩ and nitrate transporters, may operate in high affinity and low affinity modes (5), thus increasing the complexity of the system.
THE NEXT 25 YEARS: GENETICS, GENOMICS, AND PROTEOMICS
The entire genomic sequence of Arabidopsis is now available. Whereas previously it was a significant currents from an onion guard cell protoplast, resulting from application of a voltage ramp from Ϫ300 to 200 mV. At large negative voltages the driving force for K ϩ flux is into the cell and thus inward K ϩ current results, which by convention is assigned a negative sign. As the membrane potential is ramped to more positive voltages, the driving force for K ϩ movement changes direction and outward K ϩ current ensues. By convention, outward cation current is assigned a positive value (B and C, S.M. Assmann and E. Zeiger, unpublished data). accomplishment simply to clone an ion transport gene, now that work will be essentially completed, at least in Arabidopsis. Emphasis can now shift to understanding the complex function and regulation of plant ion transporters. In this regard, genetic, genomic, and proteomic techniques will play an increasingly important role. By using PCR-based methods to screen large populations of T-DNA mutagenized plants, it should be possible to identify null mutants in practically any ion transporter of interest, and then characterize the resultant phenotype. A recent publication from the groups of Spalding and Sussman exemplifies this approach. They applied a combination of reverse genetics and electrophysiological approaches to identify a T-DNA knockout in the K ϩ channel gene AKT1 and to show that this mutation eliminates inward K ϩ channel currents in root cells. The mutation also causes growth inhibition under some conditions of K ϩ limitation (8) . In some cases, of course, null mutations will prove lethal; in other cases they may prove uninformative due to the expression of other gene products with redundant function. In such circumstances, alternate genetic approaches such as activation tagging or gene misexpression via the GAL4 system (21) may bear fruit.
Expression of ion channel genes in heterologous systems, particularly Xenopus oocytes, previously was the hallmark method to demonstrate the identity of a cloned ion transporter and characterize its electrophysiological properties. Although this approach will continue to be invaluable for biophysical studies of structure/function relationships, the flourishing of reverse genetic techniques, as well as the continued application of forward genetic techniques will provide a window on how a given ion transporter behaves in and affects the physiology and development of, the intact functioning plant. In turn, such in planta information will be vital to biotechnological applications involving altered ion transport, such as increased tolerance of soil salinity (3, 16, 19) or improved gas exchange characteristics (9, 15) .
At the level of the whole genome, nucleic acid microarray approaches will enable us to simultaneously assess how a given stimulus affects transcript levels of multiple ion transport genes and their regulators. At the level of the whole proteome, the very low abundance of ion transporters may impede their identification and analysis in plant tissue extracts even by such sensitive techniques as peptide mass spectrometry (9, 14) . Nevertheless, development of proteomic techniques (14) to reveal the protein composition of a particular system at a given point in time is sure to enhance our understanding of the signal transduction molecules involved in ion transport modulation.
In 1972, W. P. Anderson's Annual Review article on ion transport in higher plants commenced with the following sentence: "The rate of advance in elucidating the processes of ion transport in higher plant cells has been depressingly slow. . . ." I suspect that none of us working in this field would make such a statement today, and this alone is testament to how far we have come in the past 25 years! LITERATURE CITED
